One of the ultimate frontiers for mankind is the elucidation of the function of the mind. It seems therefore appropriate that in this millennial year-and at the end of the "decade of the brain"-the Nobel prize in Physiology or useful methodology for measuring brain dopamine and Medicine has recognized the key discoveries of three its metabolites with high sensitivity. Using this technique scientists who have played a significant role in pioneerhe found that the distribution of dopamine, a known ing this frontier. Arvid Carlsson, Paul Greengard, and precursor of the neurotransmitter noradrenaline, was Eric Kandel have followed very different scientific paths, inconsistent with it simply being a precursor of norbut in complementary and synergistic ways have made adrenaline and postulated its independent role as a seminal contributions to the current understanding of chemical messenger in brain. Work from his laboratory information processing within the brain. also established the critical role of dopamine in the basal Modern neuroscience was born at the end of the nineganglia of the brain, a region crucially important in the teenth century, when the development of new histologicontrol of body musculature. cal methods that could reveal the complexity of neuronal Important experimental support for his hypothesis architecture triggered a systematic analysis of the structhat dopamine serves as a chemical messenger in the ture of the nervous system and of the interconnectivity nervous system came from his work with reserpine, a of nerve cells. For their seminal work in this area, two natural alkaloid derived from the plant Rauwolfia serneuroscientists, Camillo Golgi, who discovered the pentina. Reserpine, which had been used in ancient "black reaction" while tinkering with cytochemical techHindu medicine to treat a variety of conditions, had been niques in the lab of a small psychiatric hospital, and introduced in the western world in the 1950s for its Santiago Ramon y Cajal, who applied this method in a sedative and antihypertensive effects. Carlsson had monumental work of descriptive neuroanatomy, shared contributed to the demonstration that reserpine induces one of the first Nobel prizes (in Physiology or Medicine) depletion of intracellular stores of amines, a property in 1906. During the following decades a major impetus now known to be explained by its property of binding of neuroscience focused on the refinement of this strucand inhibiting the monoamine transporter of secretory tural work and on the elucidation of the ways in which vesicles. He then went on to show that administering electrical signals (impulses) are propagated along nerve reserpine to rodents induced movement dysfunction fibers and transmitted from cell to cell. A vision of the similar to that characteristic of Parkinson's disease. He nervous system emerged as a network of electrical cafurther demonstrated that the motor impairment was due to the specific depletion of dopamine in brain, and bles interconnected to each other at synapses. Neurons were the building blocks of this network, and synaptic showed that L-DOPA, a precursor of dopamine that can cross the blood-brain barrier, could relieve some of the transmission, thought of as the mechanism for fast point-to-point communication, was considered to be motor impairment in parallel with restoration of dopamine levels (but not norepinephrine levels) in brain. This the primary form of signaling among nerve cells. This era culminated with two other fundamental achieveobservation led to the discovery by the Austrian neurologist Hornykiewicz that dopamine levels are reduced in ments also celebrated by several Nobel prizes: the description of the ionic basis of neuronal excitability by the basal ganglia of patients with Parkinson's disease and prompted the administration of L-DOPA to these Hodgkin and Huxley and the elucidation of the mechanisms of chemical transmission at central and peripheral patients, with a resulting striking regression of the symptoms. Although these dramatic effects tend to decrease synapses, in particular by the work of Eccles and Katz. Collectively, this research revealed the electrical properwith time, the development of L-DOPA therapy for Parkinson's disease represented a major triumph of neuroties of nervous tissue and defined the road map followed by electrical signals. The hardware of the neuronal compharmacology, and it is still a widely used treatment for this debilitating neurological disorder. puter had thus been elucidated. ried out in his laboratory and through powerful collaborations (including a collaboration with Eric Kandel), he Carlsson's findings prompted a search for the mechanisms that transduce the signal of dopamine in target repeatedly found striking validations of the hypothesis that protein phosphorylation can regulate neurotranscells, and turned out to be very influential for subsequent studies by Paul Greengard. Greengard entered graduate mitter release and ion channel permeability, the key mediators of fast neuronal signaling. Furthermore, he carschool at Johns Hopkins in 1949 to pursue a degree in biophysics. Early in his studies, a seminar by Hodgkin ried out a systematic search of protein kinase substrates for second messenger-dependent kinases in the nerhad a major impact on his plans. He left the talk convinced that the fundamental questions concerning the vous system. The molecular and functional characterization of these proteins and of the signaling cascades ionic basis of neuronal excitability, which could be addressed with the methodology available at the time, had controlling their function ultimately became his life-long commitment, first at Yale and then at the Rockefeller been solved. He predicted that it would take many years before a new level of understanding of these phenomena University. At first, it was just a few weak bands of proteins in SDS-polyacrylamide gels, then the field could be achieved by the use of biophysical methods. Thus, he decided to search for novel approaches to blossomed into a multitude of substrate proteins that participate directly or indirectly in nearly all key neuronal study the nervous system and developed an interest in biochemistry. A "functional" biochemistry of the brain processes. Through these studies Greengard and his colleagues contributed to many areas of neurobiology, was practically nonexistent at that time and was very much a matter of establishing a new discipline.
ranging from the cell biology of synapses to molecular mechanisms of neurological and psychiatric diseases. and Kandel turned to the marine mollusc Aplysia.
Kandel had learned of Aplysia from a visit of Ladislav the discovery that the cell cytoplasm does not play only an ancillary role to the signaling properties of the neuTauc to the NIMH. A few years later, after finishing a psychiatric residency at Harvard Medical School, Kanronal membrane, but has a key function of its own in information processing.
del went to Tauc's laboratory in Paris to continue his quest for the right experimental system. And he found Today's student may find it hard to believe that Greengard's original hypotheses were highly innovative it. While working with Tauc, Kandel developed a creative idea: he reasoned that Pavlov and Thorndike, who at the and controversial at the time they were formulated. While the existence of hundreds of protein kinases is turn of the twentieth century had carried out landmark studies of learning and memory, were essentially giving now well established, only a handful of them had been discovered at the time and they were thought to play a instructions to animals. Why not do the same to the simple nervous system of Aplysia? So he did just that. specific role in glycogen metabolism in liver and muscle. The scientific community had not yet appreciated the Using the input from nerves as conditioning and reinforcement pathways, Kandel and Tauc carried out a remarkable evolutionary conservation of cell physiology from unicellular organisms to neurons. The idea that seminal series of experiments that put Aplysia on the map as a preparation that could be used for the synaptic biochemical mechanisms used by cells to regulate metabolism could also be important for signal processing analysis of learning. After 18 months in Paris, Kandel returned to Harvard and signal integration in the brain initially encountered strong resistance. In a culture dominated by the idea for a year and then to New York University School of Medicine. There he launched an enterprise that comthat neuronal communication was based entirely on electrical signals generated by ion fluxes, the time pletely changed the field of learning and memory. He built on the synthesis of three main ideas: first, as alneeded for biochemical cascades seemed to be incompatible with the speed of neuronal signaling. As it turned luded to above, he appreciated the lesson from Pavlov that learning can be studied in a rigorous way using a out, Greengard and his colleagues were discovering a new layer of signaling that works in parallel and synergisreflex system; second, he reasoned that a simple reflex would be the type of behavior best suited for the analysis tically with the process of electrical signaling and is equally important. This additional layer of signaling, of learning and memory at a mechanistic level; and third, he recognized that a simple animal such as Aplysia, which is mediated by intracellular messages, operates over longer time scales and has both short and long which had a highly accessible nervous system, could possess just the reflex system he was looking for. Thus, lasting actions on virtually all neuronal functions, including fast signaling mechanisms. The concepts estabalong with his colleagues, Kandel turned to a detailed analysis of a simple protective reflex, the gill withdrawal lished by Greengard with his early work in this area laid the foundation for the proper understanding of subsereflex, in Aplysia. He delineated many of the critical circuit elements in the reflex pathway and showed that quent discoveries in neurobiology, such as the cosecretion of neurotransmitters which mediate fast and slow this simple reflex exhibited three different forms of nonassociative learning: habituation, dishabituation, and responses at synapses, and the cooperation of ion channel receptors and G protein-coupled receptors in the sensitization. Most importantly, focusing his attention on the connections between sensory neurons and motor transduction of signals mediated by classical neurotransmitters. Extending the metaphor that compares the neurons involved in this reflex pathway, Kandel directly showed, for the first time, that learning and memory brain to a computer, one can say that Paul Greengard involved changes in synaptic strength. For example, the mechanism contributing to Pavlovian conditioning in the gill withdrawal reflex involved, at least in part, an activitygeneral arousal and increased behavioral responsiveness of a sensitized animal were accompanied by an increase dependent amplification of some of the cellular processes in the sensory neurons that underlie sensitizain the release of transmitter from the sensory neurons. This series of studies caused a sea change in the field, tion. These studies helped to elucidate some of the mechanistic similarities between associative and nonasfor they pointed the way to establishing direct links between specific forms of synaptic plasticity and the acsociative learning. Finally, during the past decade Kandel has also requisition and storage of memories in identifiable neural circuits.
turned to his roots as a young scientist by taking a fresh look at synaptic plasticity in the mammalian hippocamBuilding on this discovery, Kandel set out to identify the cellular and molecular substrates of learning and pus. Using the cellular and molecular insights gained from Aplysia, he has studied a form of synaptic plasticity, memory in Aplysia, first at New York University, and subsequently at Columbia University College of Physilong-term potentiation (LTP), in this system. Several laboratories had previously provided seminal insights into cians and Surgeons, where in 1984 he became a University Professor and Senior Investigator at the Howard the mechanisms of induction, expression, and maintenance of a form of LTP that lasts on the order of 3 hr. Hughes Medical Institute. One of his early achievements toward this goal centered on the elucidation of the mechaKandel turned his attention to another form of LTP that lasts several hours longer, and showed that it requires nisms underlying the changes in synaptic strength that contribute to short-term memory for sensitization. In this both transcription and translation, and is PKA dependent. Moreover, he showed that mice expressing a domarea, Kandel's pursuits intersected importantly with the work of Paul Greengard. Kandel had shown that sensitiinant-negative transgene that inhibits PKA show defective long-lasting LTP and defective long-term memory. zation is mediated in part by the amine serotonin. He went on to show that serotonin increases levels of cAMP This single example serves to illustrate the power of combining molecular biology with cellular physiology in the presynaptic cell and induces phosphorylation of preexisting proteins via the cAMP-dependent protein and behavior in the analysis of learning and memory. Kandel's career, like those of the other two Nobel kinase, PKA. In collaboration with Greengard he showed that direct injection of the catalytic subunit of PKA into laureates, is characterized by many great experimental contributions to the field of neuroscience. But eclipsing the sensory neurons induced an increase in transmitter release similar to the increase observed during sensitiany of his single achievements was his powerful demonstration that the fundamental properties of learning and zation, and that a main role in these effects was played by the PKA-mediated closure of K ϩ channels. These memory are experimentally tractable problems that can be approached with the tools of cellular and molecular studies played a seminal role in the field of channel regulation. In addition they provided the fundamental biology. From his work we have learned that complex functions of the brain are not the result of special properdemonstration that covalent modification of proteins could provide a general biochemical mechanism for ties unique to the nervous system, but are the products of the very same molecular and biochemical mechashort-term memory.
But what about long-term memory? While it had long nisms that all cells use in the regulation of their responses to their environment. This in turn reflects anbeen appreciated that short-term and long-term memories differed behaviorally, it was the work of Kandel and other fascinating level of conservation from unicellular organisms to neurons. The analysis of the cellular and colleagues that brought this important problem into register with modern molecular biology. He showed that molecular architecture of any system can uncover some of the basic tools utilized by evolution to promote adaplong-term memory for sensitization in Aplysia involved a transcription-dependent step mediated, at least in tive change throughout the animal kingdom. The decision of the Nobel Committee recognizes the part, by the translocation of PKA to the nucleus, regulation of gene transcription and the synthesis of new procommon thread that links the work of Carlsson, Greengard, and Kandel. Carlsson's studies provided a first teins. Some of these proteins are then targeted to the synapse where they participate in the long-lasting modidemonstration that the effect of amines in the brain goes far beyond an effect on metabolism and vasculature fication of synaptic strength. These modifications ranged from changes in adhesion molecules on the surand provided an impetus toward an elucidation of their mechanism of action. Greengard's implication of dopaface of the sensory neuron to the growth of new synaptic connections. Transcription factors regulated by cAMPmine in the regulation of neural function via intracellular second messengers was, in turn, an important foundadependent phosphorylation, such as the transcriptional activator CREB-1a, and the transcriptional repressor tion both for his own subsequent research as well as for some of the early studies of Kandel. There is a beautiful CREB-2, play a central role in these processes. The broad impact of this work is demonstrated by more convergence and synergy between the work of Greengard and Kandel. Greengard's study of brain biochemisrecent genetic and molecular evidence from other laboratories demonstrating the critical role of both activator try has laid the ground for the understanding of the molecular basis of complex neuronal functions. Coming and repressor isoforms of CREB in long-term memory in Drosophila and mice. Thus, the studies by Kandel from another direction, from behavior to molecules, Kandel has shown that changes in behavior ultimately reflect have provided deep and lasting insights into the molecular architecture of enduring memories. changes in protein function and gene expression. The unifying motif of all these contributions is that there Another milestone in Kandel's career was the demonstration that Aplysia could exhibit a form of associative is much more to brain than ion fluxes and electrical signaling. Thus, a century after the first systematic delearning, Pavlovian conditioning. He showed that the scription of the neuronal structure of the brain, we have begun to appreciate the order that governs the intracellular world of the neuron and its critical role in the regulation of neuronal function. New avenues toward both the explanation and the therapy of neurological and psychiatric diseases have been opened.
A final comment on this year's Nobel laureates is warranted. The collective scientific achievements of the three awardees are extraordinary. But perhaps of equal importance to the field of neuroscience is their contribution of a genuine excitement not just for the acquisition of facts, but for the process of science. Each in his own way has inspired subsequent generations of young scientists to think beyond the obvious, to stretch contemporary ideas into the future, to hold one's scientific ground when one's ideas don't fit conventional wisdom, and to take risks. These are Nobel lessons indeed.
